Structural engineers have measured a building's response to strong motion from civil structures that have been instrumented with accelerometers, such as the Robert A. Millikan Library of the California Institute of Technology. The attenuation of the motion of this building has been measured using seismic interferometry techniques in the past. We use the breaking of the temporal symmetry of the wave equation by attenuation, in combination with seismic interferometry, to estimate attenuation. These estimates are made from fitting the differences in acausal and causal wave forms obtained from different deconvolution processes. We apply the method to the motion recorded at the Millikan Library and obtain estimates of intrinsic attenuation that compare well to past measurements. This technique has more precision for higher frequencies than earlier measurements that are based on seismic interferometry, and it is not dependent on radiation losses at the base of the building.
INTRODUCTION
For decades, scientists and engineers have worked to characterize building responses with the purpose of mitigating earthquake hazards and monitoring building integrity (Carder, 1936; Kuroiwa, 1967; Trifunac, 1972; Foutch, 1976; Ç elebi et al., 1993; Clinton et al., 2006; Snieder and Şafak, 2006; Chopra and Naeim, 2007; Prieto et al., 2010) . This has been done by measuring building motion, modal frequencies, intrinsic attenuation, shear velocities, and other properties. After the excitation force drives the motion of the building, intrinsic attenuation, scattering attenuation, and radiation losses dissipate the energy. Intrinsic attenuation estimates quantify the anelastic dissipation of the building's motion given by the quality factor Q or the damping coefficient ζ.
Improving the measurement of intrinsic attenuation from the motion excited by complicated ground motion is the focus of our work. Advancing the measurement of attenuation, engineers can more accurately describe the motion of civil structures (Ç elebi et al., 1993; Chopra and Naeim, 2007; , while geophysicists can produce more accurate models of the subsurface (Calvert, 2003) and diagnose the presence of fluids and the migration of these fluids in reservoirs (Bakulin et al., 2007) .
Much has been learned from advanced instrumentation installed into buildings such as the Factor Building of UCLA and the Millikan Library of Caltech. These networks have produced large volumes of data for understanding wave propagation in buildings. Monitoring these types of buildings suggests that analysis be done over time to observe changes in the response of the building. Typically this analysis is done for the motion excited by earthquakes Snieder and Şafak, 2006; Clinton et al., 2006) , ambient noise (Larose et al., 2006; Derode et al., 2003; Clinton et al., 2006; Prieto et al., 2010) , or controlled sources (Kuroiwa, 1967; Clinton et al., 2006; . Recently, seismic interferometry has been used for acquiring attenuation estimates (Snieder and Şafak, 2006; Prieto et al., 2010) .
Seismic interferometry has received much attention in the seismology community. The use of seismic interferometry has been explored for extracting Green's functions, and from this, other parameter estimations (Halliday and Curtis, 2010; Bakulin and Calvert, 2006; Vasconcelos and Snieder, 2008; Wapenaar et al., 2010; . Deconvolution interferometry is preferable, for reasons discussed later, for retrieving attenuation estimates. Snieder and Şafak (2006) and use deconvolution interferometry for the Millikan Library and Factor Building, respectfully, to aquire attenuation estimates. Our approach is similar, but we use upgoing and downgoing decomposed waves and time reversal to attain attenuation measurements.
The concept that attenuation breaks time reversal symmetry facilitates our measurements of attenuation (Fink, 2006; Gosselet and Singh, 2007) . Wavefield decomposition, in combination with deconvolution interferometry, generates acausal and causal wave forms . We compare these wave forms, and from their differences, estimate intrinsic attenuation. Since our estimate of attenuation hinges on a comparison of causal and acausal waveforms, we obtain an estimate of intrinsic attenuation because scattering attenuation is causal and invariant for time reversal. In the following we use the term attenuation for intrinsic attenuation.
Much like the method used by Snieder and Şafak (2006) , we base our estimates on a linear least-squares fit to the natural logarithm of the deconvolved wave form envelopes. We acquire accurate and precise estimates of attenuation that are frequency dependent and compare well to previous attenuation estimates. Our method acquires frequency-dependent attenuation estimates that do not require any normal mode analysis and estimates are more precise than estimates taken from traveling waves.
The used waveforms are excited by the Yorba Linda earthquake and consist of two N-S and one E-W accelerations of the Millikan Library in 10 floors above the surface and a basement below the surface. Only one N-S acceleration dataset was used for this investigation. There were some instrument coupling issues in the other two datasets as well. Building dimensions and details pertaining to the structure and instrumentation can be found in many articles, but most historical and recently notable, Kuroiwa (1967) and Clinton et al. (2006) . Using only the N-S motion of the building constrains our analysis to 1 degree of freedom. The geometry of the building allows for a clamped beam model to represent the motion of the structure. The Millikan Library naturally has 3 degrees of freedom in building motion, and 3n degrees of freedom if we consider n number of floors.
Our purpose is to demonstrate the application of this method, but our method can be extended to include more degrees of freedom.
We first discuss the basic theory behind deconvolution interferometry and time reversal. We give an example of why deconvolution interferometry is chosen, and how the deviation from time reversal symmetry indicates the presence of attenuation and facilitates the measurement of attenuation. Next, we discuss the methodology used to achieve these results. We finish by comparing estimates of attenuation with those made from past interferometric methods of the Yorba Linda earthquake data recorded at the Millikan Library.
THEORY
Seismic interferometry using deconvolution has become increasingly popular for applications in seismic imaging, parameter estimation, and passive monitoring (Curtis et al., 2006; Snieder and Şafak, 2006; Vasconcelos and Snieder, 2008; Prieto et al., 2010; Minato et al., 2011) . Typically crosscorrelation representation theorems are used to acquire the correct Green's function between receivers. Snieder (2007) shows that in the presence of dissipation, crosscorrelation type seismic interferometry cannot accurately determine the attenuation response between receivers unless the medium is completely covered by sources. We first briefly explore the reasons why deconvolution seismic interferometry is preferred over crosscorrelation seismic interferometry in estimating attenuation, especially with passive seismic data. We consider a simple one dimensional seismic interferometry experiment in a homogenous dissipative medium to illustrate our decision to use deconvolution interferometry. Consider a source located at position rS, and receivers located at rA and rB, (Figure 2 ). If a dissipating wave propagates away from the source and is recorded by receivers, seismic interferometry can be used to determine the response between those receivers. Seismic interferometry is a tool to measure the response between receivers, where the source position is redatumed to a known receiver location by the virtual source method (Schuster, 2009) . Though the source signature of the actual source and virtual source are indeed different, the wave state obtained from seismic interferometry obeys the same wave equation as the original system , and we can determine the system response to a virtual source. Examining the de- convolution and crosscorrelation operations, for this example, gives insight why deconvolution is preferred for measuring attenuation. In our thought experiment, the receivers record the following frequency-domain wave fields:
where S(rS, ω) is the source spectrum, k is the wavenumber, and γ the attenuation coefficient. The choice of which seismic interferometric operation gives an accurate estimation of the attenuation becomes apparent from the application of each interferometric technique to the wave forms U (rA, ω) and U (rB, ω). Crosscorrelation interferometry applied to these wave fields gives, in the frequency domain,
The phase is correct, but the amplitude is incorrect because it depends on the sum of the positions rB + rA rather than the difference rB − rA. The amplitudes estimated from crosscorrelation is thus incorrect for attenuation analysis. In contrast, deconvolution of the fields of equations (2) and (3) in the frequency domain gives
With deconvolution interferometry, we thus obtain the correct phase, e ik(r B −r A ) , and amplitude, e −γ(r B −r A ) , that accounts for the attenuation of the waves that propagate between the two receivers. Note that crosscorrelation requires the power spectrum of the source signal as well as the source location, as where deconvolution interferometry is independent of the source properties. Because of these properties, we use deconvolved wave forms for our attenuation measurements. Equation 5 is potentially unstable when the reference spectrum U (rA, ω) → 0. For our method, we use a stabilized deconvolution given by
where we take to be 1% of the average power of U (rA, ω).
METHODOLOGY
Attenuation of waves is expressed in the quality factor that is defined as the relative energy loss over a cycle of oscillation (Aki and Richards, 1980) . Estimations of attenuation can be made by measuring the loss in the amplitudes as waves propagate between receivers. These estimations are based on the assumptions that both receivers are coupled accurately to the medium, and the amplitude picks correspond to the same seismic event. Previous studies of Snieder and Şafak (2006) measured attenuation with the Millikan Library data using interferometry to reduce the imprint of a variable receiver coupling. Our method estimates attenuation from individual recordings deconvolved with a common signal, and estimates can be averaged over the array of recordings to reduce and estimate the error. Deconvolution interferometry with a reference siginal decomposed into upgoing and downgoing waves, generates wave states with an impulsive upgoing and downgoing wave, respectively, at the base of the building . The upgoing and downgoing wave forms of an individual receiver can be compared to give measurements of attenuation.
We separate the wave field at the base of the building into upgoing (u+) and downgoing (u−) waves using the following decomposition (Robinson, 1999) :
The z-derivative follows from the difference of the motion recorded in the basement and on the first floor. We use the value c = 322 m/s as determined by Snieder and Şafak (2006) . Deconvolving the wave forms with their upgoing and downgoing waves separates the signal into causal and acausal waves . The causal and acausal wave forms would be symmetric in time if attenuation were not present. We measure the attenuation from the differences in the causal and time-reversed acausal wave forms of each floor. The procedure begins by directionally separating the wave fields in the reference floor using equations (7) and (8). We choose the basement floor recording as our reference signal and separate the signal into upgoing and downgoing waves. We estimate the z-derivative from the differences in the motion recorded in the basement and at the first floor. This generates wave forms that are either causal or acausal in the floors above the basement. This procedure simulates a pure upgoing or downgoing impulsive virtual source in the basement at t = 0.
Using only the upgoing waves in the reference signal, our interferometry method extracts the building response from an upgoing impulsive source in the basement of the building at t = 0. The deconvolutions of all the floors, in the frequency domain, are ratios of the full wave field spectra of an individual floor and the upgoing wave spectra of the reference floor. We apply this type of deconvolution to all the floors to get eleven deconvolved wave forms (Figure 3a) . Deconvolution, with the upgoing waves in the reference floor, compresses all the upgoing waves in the basement into one upgoing virtual impulse injected at t = 0. The response of the building to this virtual source is nonzero for times t > 0. The use of the upgoing waves for deconvolution generates causal wave forms because the building only oscillates after the upgoing wave enters the building. In a similar manner, we also deconvolve the full wave forms of each individual floor with the downgoing wave form from the basement signal. This downgoing wave is the result of upgoing waves entering the building at earlier times (i.e. t < 0). This procedure therefore generates acausal wave forms (Figure 3b) . Collapsing all the downgoing waves in the basement to one downward impulse, requires energy to be present in the building before time t = 0, which corresponds to the acausal wave forms seen in Figure 3b .
A superposition of the causal and acausal wave forms of Figures 3a and 3b as shown in Figure 3c , reveal a quasi-symmetry of the wave forms around t = 0. Time reversal breaks down under certain conditions, such as rotation, flow, and intrinsic attenuation (Fink, 2006) . The intrinsic attenuation in the building has broken the time reversal symmetry of the wave forms in Figure 3c . This is apparent from Figure 3d , where the acausal wave forms generated from the deconvolution using downgoing waves of the reference floor, have been time reversed. This plot shows the superposition of the time reversed acausal wave forms and causal wave forms. Note that the amplitudes do not match, and from this difference in amplitudes we measure attenuation.
We band-pass filter the deconvolved signals using Butterworth filters of the 3rd and 2nd order to the respective dominant frequency bands 0.2-3.0 Hz and 5.0-7.8 Hz of the power spectra shown in Figure 4 . This allows us to retrieve constant Q values within each frequency band chosen for analysis, and thereby yielding a frequency-dependent Q in a discrete sense. After band-pass filtering our deconvolved signals using the frequency bands of Figure 4 , we compute the envelopes of all the wave forms. To demonstrate the estimation of attenuation, we discuss the procedure for the low frequency band-passed data in detail.
The two curves depicted in Figure 5 , are a deconvolved wave form from the upgoing wave of floor 4 (gray curve) and the envelope corresponding to this wave form (black curve). This deconvolved wave form is generated from the spectra of the fourth floor and the upgoing wave at the basement. We then apply the low frequency Butterworth band-pass filter of order 3 to this deconvolved wave form. The envelope is acquired from the modulus of the analytic signal using the Hilbert transform. We next take the natural logarithm of this wave form ( Figure 6 ). The second curve is the natural logarithm of the envelope of the wave from the fourth floor obtained from deconvolution using the downgoing wave and time reveresed.
The first observation is that these two curves are not the same; this difference is due to attenuation. The second observation is that these curves decay almost linearly for the first 2 seconds. During this time duration, the difference of these natural logarithms is also linear with respect to time, and a constant Q value model corresponds to the slope of the difference of these curves. This model is set up by examining the envelopes of the deconvolved signals of an individual floor. We define the envelopes of the deconvolved signals to be
Taking the natural logarithm of the ratio of d+ to d− yields an equation suited for a linear regression where the slope parameter solves for the attenuation coefficient m in a least-squares sense.
This model does make the assumption that the initial amplitudes are approximately equal, such that A+ ≈ A−. Figure 7 , shows the difference of the curves (black curve) of Figure 6 , for the initial 2 seconds, and the linear least-squares fit (gray curve). This procedure is repeated for all the floors, excluding floor 8 because of receiver coupling issues, to generate estimates of the attenuation coefficient. We also use this procedure for the higher frequency band-pass filtered data of 5.0-7.8 Hz. In this case, the linear trend of the difference of natural logarithms of the envelopes only has a 1 second duration. The higher frequency content of the signal is expected to lead to a more rapid decay of the envelope than of the low frequency content. Figure 8 shows that noise dominates the signal after 1 second duration because the envelope stabilizes to a near-constant value after that time. Therefore we do our fitting within the first second, and this fitting of the difference of the curves of Figure 8 can be seen in Figure 9 .
To estimate the error in our measurement of ζ due to errors in the slope of the fitting curve and the width of the employed frequency band, we use the following equations. If we write the attenuation coefficient as
whereω is the weighted mean of the angular frequency for a given frequency band, and the attenuation coefficient m is given by the slope from our fitting curve, we estimate the error for the i th floor using where σω is our standard deviation ofω given bȳ
where P (ω) is the power spectrum within the employed frequency band Ω. σm,i is our standard deviation of the attenuation coeffiecient of the i th floor from estimates of the discrepancy of the data from the least-squares linear fit (Bevington and Robinson, 2003) . This procedure for σ ζ,i is repeated and averaged for all the floors except the eighth floor. Equation (12) is based on the assumption that the frequency and slope are independent measurements, and therefore that their covariance vanishes. The attenuation estimates with their errors are presented in Table 1 .
RELATION TO PREVIOUS WORK
The motion of the Millikan Library has been used before to estimate intrinsic attenuation using deconvolution in- terferometry (Snieder and Şafak, 2006) , and we compare our results to these past measurements. Snieder and Şafak (2006) developed two techniques using deconvolution interferometry. A technique that measures attenuation from the normal mode oscillation of the building and another that measures attenuation from higher frequency traveling waves. The technique employing the normal mode oscillations of the building uses the basement floor signal as the reference signal for the deconvolution defined by Equation 6. This technique, however, does not decompose the wave field into up and downgoing waves. Using the full spectra of the reference signal, we generate the deconvolution wave forms in Figure 10 . In this figure, the motion at the basement floor is compressed to a band-limited spike at t = 0. For t > 0, the figure shows the response of the building to the impulsive excitation. This response is dominated by the fundamental mode of the building with a period of about 0.6 seconds.
We first bandpass filter the waveforms of Figure 10 between 0.2-3.0 Hz, using the low frequency range indicated by the left horizontal bar in Figure 4 . A linear curve is fit to the natural logarithm of the envelopes of the deconvolved wave forms similar to our time reversal method. Figure 11 shows the natural logarithm of the envelope of the signals in Figure 10 in solid lines and Figure 11 . Natural log of envelopes from signals in Figure  10 (solid curves), and linear fit (dashed curves) the least-squares fits in dashed lines. The slope of the least-squares fits is proportional to the attenuation coefficient. Table 1 shows the average damping estimate corresponding to the normal mode measurement indicated NM for this method. An attempt to measure the damping with this method at the higher frequency band yielded poor results. This is due to low amplitude in the power spectrum of the frequency band of 5.0-7.8 Hz.
The next deconvolution interferometry technique developed by Snieder and Şafak (2006) uses higher frequency traveling waves. Snieder and Şafak (2006) make their attenuation measurements using the top floor signal as the reference signal for the deconvolution. Note that there is no decomposition of the wave fields at the reference floor for this traveling wave procedure. The deconvolved wave forms in Figure 12 uses the full spectra of each signal. In Figure 12 , a traveling wave moves up and then down the building. Knowing the shear velocity of the building, the ratio of the amplitudes of the upgoing and downgoing waves, the distance traveled from each receiver to the top of the building and back down to the receiver, and the travel times, one can estimate the attenuation. Table 1 displays the results of these measurements marked TW for the traveling wave technique. Since this estimate depends only on the amplitude ratio of the upgoing and downgoing waves at each floor, this estimate is not affected by variations in receiver coupling. The observation that the signals are quiescent after the traveling wave has moved up and down through the building in Figure 12 also suggests there is little scattering caused by the individual floors. Table 1 shows that our method of using deconvolution interferometry with time reversal gives estimates of attenuation that compare well to values found previously using seismic interferometry and classical methods. The new method we propose has several benefits compared to the past methods. Our method recovers attenuation estimates in the normal mode and the first overtone. This makes the new proposed method more robust than the past interferometric methods because the proposed method's ability to perform at higher frequencies. Classical methods, such as the half-power method, lose their robustness in higher overtones because of uncertainty in the half-power amplitude picks on either side of the peak frequency for a given overtone. This method removes the radiation damping from the global attenuation estimate, leaving only internal mechanisms for energy loss like scattering attenuation, constant Coulomb internal friction, and intrinsic material attenuation. This proposed method shares the ability to separate the radiation damping with past seismic interferometric methods. Table 1 gives estimates that employ classical modal analysis that are available in the literature (Bradford et al., 2004; Clinton et al., 2006; Kuroiwa, 1967) . These methods recover global damping values of the soil-structure system. These values include radiation damping that occurs at the soil-structure interface. Our method using deconvolution interferometry with time reversal removes the radiation damping by allowing the energy to leave the system. For instance, the upgoing deconvolution used in our proposed method simulates one upgoing wave injected into the building in the basement at time t = 0. The wave moves up and then down through the building and continues down. In essence there is a reflection coefficient of 0 in the basement. This leaves only internal mechanisms of attenuation in our deconvolved signals from which we measure. Figure 12 , of the traveling wave experiment, indicates that there may be little contribution from scattering attenuation. Combining classical methods with our proposed method could refine our knowledge of civil structure behavior and improve earthquake modeling.
Discussion
Our method is built upon a linear mathematical framework which may lead to limitations in this method and require an attenuation model representation beyond the constant Q description. Our method is described by a linear elastic behavior of the medium, and strong shaking may invalidate the assumption of linearity. Structures proximal to epicenters of large earthquakes will have strong ground motion excitation which can generate nonlinear effects due because the mechanical properties of the building may depend on excitation levels (Clinton et al., 2006) . In this dataset for the Millikan Library we did not observe many internal reflections and consequently little scattering attenuation. Datasets with stronger scattering attenuation may introduce complications to this method's ability to accurately measure intrinsic attenuation.
In the future, this method should be tested on more data to further understand the limitations of this method. Elements of nonlinearity and other sources of attenuation could pose problems for this method. Other civil structures with different geometries such as other building designs, bridges, and downhole arrays could also benefit from this method of attenuation investigation. An extension to include higher degrees of freedom would benefit this method to perform in more complex structures. This new method of deconvolution interferometry with time reversal has proved to be a viable method for this dataset and should be continued to be explored for further advanced applications.
Conclusion
We have shown using data recorded in the Millikan Library that deconvolution interferometry with time reversal is an effective method to measure attenuation in civil structures. This method extracts estimates of intrinsic attenuation from the breaking of time reversal symmetry. By time reversing the acausal wave forms, we estimate intrinsic attenuation using a fitting procedure that is similar to past methods using normal mode oscillations. By comparing the estimates of our time reversal method to that of past seismic interferometry methods, we have shown that our results compare well to the past methods of Snieder and Şafak (2006) . Additionally, the time reversal method has higher precision than the traveling wave method and not constrained to measuring only the fundamental mode.
